Abstract. Atmospheric loss from planetary atmospheres is an important geophysical problem with implications for planetary evolution. This is a multidisciplinary research field that requires an expertise in a wide range of subjects including statistical mechanics, fluid mechanics, plasma physics, collision theory, and surface science. This paper is a review of the current state of our understanding of atmospheric loss from the terrestrial planets. A detailed discussion is provided of the basic concepts required to understand the processes occurring in the high-altitude portion of a planetary atmosphere referred to as the exosphere. Light atomic species with sufficient translational energy can escape from an atmosphere. The translational energy required for escape could be thermal energy and proportional to the ambient temperature or the result of some collisional processes energizing the species above thermal energies. These collisional processes, which include charge exchange and dissociative recombination between energetic ions, neutrals, and electrons, are referred to as nonthermal escape processes. We highlight the similarities and differences in the important escape mechanisms on the terrestrial planets and comment on application of these mechanisms to evolutionary theories of the terrestrial atmospheres. The emphasis in this paper is directed toward the need to consider the exosphere as collisional.
INTRODUCTION
One of the more challenging multidisciplinary problems in geophysics and atmospheric science is the study of the evolution and escape of planetary atmospheres. An atmosphere is bound incompletely to a planet by the planetary gravitational field. At very high altitudes, atomic species of low mass, such as hydrogen and helium, can attain speeds in excess of the escape speed of the planet and escape, provided they suffer no further collision. The escape flux referred to as thermal escape or Jeans [1925] escape depends on the ambient temperature and occurs over a range of altitudes where the atmosphere is approximately collisionless, which is in the vicinity of the exobase. The exobase is the altitude for which the mean free path of atmospheric constituents is equal to the density scale height and is defined in detail in section 2. The region above the exobase is referred to as the exosphere. For Earth the exobase is at approximately 500 km, and the exosphere, in the vicinity of the exobase, is predominantly atomic oxygen with hydrogen and helium as minor species. Heavier species such as oxygen, nitrogen, and carbon can escape from the atmospheres of the terrestrial planets as a result of collisional
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processes that are referred to as nonthermal escape mechanisms. An example of such collisional processes are collisions between hot protons and cooler hydrogen atoms resulting in energetic hydrogen atoms that can escape. There are many other nonthermal processes including photodissociation, sputtering [Johnson, 1994] , and solar wind pickup. Hunten [1982] has provided a comprehensive list of the various types of nonthermal processes that occur in planetary atmospheres. Since the particle densities of the exosphere are small, an approximate model of the exosphere [Chamberlain, 1963] assumes that exospheric atoms move, without colliding, under the influence of the planetary gravitational field.
The study of exospheric processes and escape mechanisms from the planets is of considerable interest to planetary scientists in their effort not only to better understand the present state of planetary atmospheres but also to model atmospheric evolution. This is a multidisciplinary study which involves coupling of different atmospheric regions in addition to the interaction of the exosphere with the solar wind plasma and the planetary surface. The expertise of scientists in atmospheric chemistry and dynamics, ionospheric plasma properties, geology and planetary surface morphology, planetary magnetic fields, the solar wind plasma, and other fields is required.
There have been several excellent reviews which provide a good overview of the basic concepts involved in the study of exospheres. The review by Chamberlain [1963] provides a very detailed theoretical description of the collisionless exosphere. Several additional reviews have been written by Hunten and Donahue [1976] , Tinsley [1978] , Fahr and Shizgal [1983] , Hunten [1982 Hunten [ , 1990 , and Mahajan and Kar [1990] . This review is motivated by the need to emphasize the importance of nonthermal processes in planetary exospheres and to reconsider current exospheric models. This review is appropriate at this time in view of upcoming missions to Mars and the important observational constraints on theoretical models that the new data will provide. Our aim in this paper is to provide the geophysics community with a background of the basic concepts in exospheric physics as well as an understanding of the important outstanding research problems. While some of the topics covered in the previous reviews are repeated for completeness, the main emphasis of this paper will be collisional phenomena and nonthermal processes. We provide an up-todate review, and we cite primarily the most recent papers since about 1980 which impact on current research in this area. We refer the reader interested in the historical development of the subject to the reviews mentioned previously and the exhaustive reference lists contained in those works.
The present understanding of planetary exospheres is determined largely by satellite and ground-based observations which are predominantly measurements of the emissions of exospheric constituents. These include Lyman a and Lyman • emissions of atomic hydrogen at 121.6 nm and 102.6 nm, respectively, emission of helium at 58.4 nm, and emission of atomic oxygen at 130.4 nm. These observations of the exosphere together with in situ mass spectrometric measurements provide density and temperature profiles of neutral and charged constituents. For example, data from the Pioneer Venus large probe neutral mass spectrometer indicated an enrichment of the deuterium to hydrogen (D/H) ratio in the exosphere of Venus by a factor of 100 relative to the terrestrial value [Donahue et al., 1982] . As discussed in section 3, this enrichment of deuterium relative to hydrogen is believed to arise from the enhanced escape of hydrogen due to nonthermal processes. Nonthermal processes refer to collisions between exospheric species and translationally energetic species (both ions and electrons), generally of ionospheric origin. This includes processes such as the collision of hot plasmaspheric protons with exospheric hydrogen, H + + H -• H* + H +, which effectively converts the energetic protons to translationally excited hydrogen atoms H*, with speeds in excess of the escape speed. Such nonthermal processes provide an important escape mechanism and also make possible the escape of heavier species, such as oxygen, nitrogen, and carbon, for which the thermal escape rate is very small. An important nonthermal process in the exospheres of Mars to reconsider theoretical models of the exosphere to include collisional processes in a consistent manner. In particular, the classic model of thermal or Jeans escape will be addressed in terms of a collisional approach, in contrast to the standard view of a thermal evaporative process from an exobase. Thermal and nonthermal escape mechanisms are based on kinetic theory and individual particle dynamics. An alternative model of atmospheric loss whereby the atmosphere is viewed as a dense fluid which expands radially outward has also been employed. This approach is analogous to the solar and polar wind expansions [Chamberlain, 1961; Parker, 1965 Zahnle and Kasting, 1986; Zahnle et al., 1990; Pepin, 1991 Pepin, , 1994 ]. An important theoretical problem is the reconciliation of kinetic theory and hydrodynamic models of an expanding exosphere. An analogous problem in other areas of geophysics, notably models of the solar and polar winds [ Lemaire and Scherer, 1973; Fahr and Shizgal, 1983] , and planetary magnetospheres also exists, although the conditions there are more nearly collisionless than for the dense (primordial) atmospheres. The impact of nonthermal processes in planetary exospheres on the development of evolutionary models is discussed in section 5. As already mentioned, the Pioneer Venus Orbiter measurements of D/H enrichment on Venus have led to the suggestion of a layer of water tens to hundreds of meters thick in the distant past [Donahue, 1995] . For Mars a similar history of past water abundance has been suggested [ Squyres and Kasting, 1994 ], based on estimates of water abundance and surface morphology from satellite data [Pollack et al., 1987] , Earth-based spectroscopy of HDO [Owen et al., 1988] , and measurements of isotopic fractionation of gases trapped in shergottite-nakhlite-chassignite (SNC) meteorites [Pepin, 1991; McSween, 1994 ]. However, the processes which have led to the loss of water on Mars and Venus appear to be somewhat different. Venus probably had its water primarily in the form of water vapor [Hunten, 1993] because of the higher atmospheric and surface temperatures. This large amount of atmospheric water vapor would have created a dense population of atomic hydrogen via photodissociation, and conditions would have been favorable for bulk hydrodynamic loss. This process has been suggested to explain both the observed isotopic fractionation of noble gases and the removal of large amounts of hydrogen and thus, possibly, water. Unless exospheric temperatures were higher in the past than today, it appears that thermal escape is, in general, negligible on Venus. On Mars, nonthermal and thermal processes may have both played a large role in removing much of the original water, possibly aided by impact erosion early in the planet's history [Hunten, 1993; Squyres and Kasting, 1994] . It is still uncertain whether the relative escape rates of H and O correspond stoichiometrically to the escape of water [Fox, 1993a] . Another important indication of atmospheric evolution is the observed patterns of isotopic fractionation in the noble gases of the terrestrial atmospheres. Their deviation from the patterns found in the solar wind and meteorites impart important information and constraints on the history of atmospheric evolution [Hunten et In section 2 we present a brief overview of exospheric theory [Chamberlain, 1963] . This is a kinetic theory description, based on particle distribution functions, and could be extended to include collisional processes as discussed by Fahr and Shizgal [1983] . The important idea of diffusion-limited flux in the lower part of the atmosphere as controlling the escape is also presented. In section 3 the important role of nonthermal processes, which is the main emphasis of the paper, is discussed. Section 4 is devoted to the important interaction of the solar wind with the extended corona of energized or hot atoms of Mars and Venus. The implications of atmospheric loss to the understanding of the evolution of the atmospheres of the terrestrial planets and climate are briefly discussed in section 5. 
where G is the gravitational constant, M is the planetary mass, m i is the molecular mass of the ith species, and r 0 is some reference level. A constant temperature T is assumed in the derivation of (1). Each species is distributed according to its own scale height, defined by Hi(r) = kTr2/GMmi = kT/mig(r)
where k is the Boltzmann constant and #(r) is the gravitational acceleration. If we set r = r 0 + z and expand the first term of the exponential up to linear terms in z, we find the exponential density profile, 
Hydrodynamic Escape
The thermal escape mechanism described by (8) is often referred to as evaporative escape. This implies a process with a flow speed, u(r)' = Ffin(r), which is very small relative to the speed of sound, v s = X/•/kT/m, where The exospheric model developed by Chamberlain [1960] for the solar wind expansion gave a bulk flow at Earth orbit that was less than observed. Lemaire and Scherer [1973] showed that an exospheric model of the solar wind with the correct self-consistent electric field gave a supersonic flow speed in accord with observations. A detailed review of the solar and polar wind theories is beyond the scope of this review and has been presented elsewhere [ Lemaire and Scherer, 1973; Fahr and Shizgal, 1983] . The solar and polar winds are generally considered to be fluid-like or hydrodynamic and can be described by considering the equations of hydrodynamics rather than the particle picture of the collisionless exosphere. The theory of hydrodynamic escape of an atmosphere, as it applies to the solar wind, is described in standard references [Parker, 1958; Brandt, 1970; Hundhausen, 1972 where the mass density p(r) = n(r)m. In (12), p(r) = n(r)kT(r) is the hydrostatic pressure, assumed to be given by the equation of state [Kundu, 1990] In Figure 1 we contrast the kinetic and hydrodynamic approaches to atmospheric escape with regard to the Knudsen number, Kn = l/H. In the collision-dominated regime at low altitude the mean free path is small, Kn << 1, and the hydrodynamic approach is valid. In the collisionless regime at high altitude the mean free path is extremely long, Kn >> 1, and the independent particle model with different particle classes is a good approximation. In order to describe phenomena over the whole range of Kn values the Boltzmann equation must be employed. However, the solution of the Boltzmann equation over the whole range of Knudsen number is driftcult, especially for Kn • 1.
Diffusion-Limited Flux
The escape of particles from the exobase is, under certain circumstances, determined by the flux from lower altitudes in the atmosphere. If the flux from below is low, then the density at the critical level is adjusted so that the escape flux at the exobase is consistent with the flux at lower altitudes. This important concept has been reviewed by Hunten [1990] The flux throughout the atmosphere and at the exobase is equal to the value at the homopause level which is specified by the mixing ratio there. If, for example, exospheric temperature is changed, the density at the exobase, n c, adjusts so that F s = 4)l. The density distribution of the minor species essentially follows the distribution of the background since f is nearly constant. If there is a loss mechanism in addition to thermal escape (see section 3), then the sum of all escape fluxes would be equal to the limiting flux. As conditions change, such as the exospheric temperature, the contributions from each mechanism will adjust, but the sum would remain the same.
COLLISIONAL NONTHERMAL PROCESSES AND ATMOSPHERIC ESCAPE
The kinetic theory of nonthermal escape has been previously reviewed by Fahr and Shizgal [1983] , who provided a very detailed account of the literature to that date. Hunten [1982 Hunten [ , 1990 Hunten [ , 1993 has also presented a personal and historical account of the introduction of nonthermal processes to explain the observations of planetary exospheres. In this paper we .will highlight the advances that have been made since about 1980 and refer the reader to the previous reviews for the literature prior to that date. However, there is some overlap with the previous reviews in order to make the discussion presented here reasonably complete.
Nonthermal processes generally refer to collisional processes between exospheric constituents with charged species to produce atoms that are translationally energetic and incompletely thermalized. The charge exchange reactions of energetic protons or deuterium ions with hydrogen or oxygen (23) are the dominant escape mechanisms since the thermal escape is very slow because of the low exospheric temperature; see (8) and [1984] to be about 8 x 106 cm -2 s -1, whereas the escape rate resulting from reaction (21) Shizgal [1985 Shizgal [ , 1987 , Breig [1991, 1993] , and Hodges [1993a Hodges [ , 1994 .
An important feature of the charge exchange process on Earth is the temperature dependence of the charge exchange induced escape relative to the Jeans escape. The thermal flux (equation (8) and . The notion of an exobase that divides the atmosphere discontinuously between collision-dominated (hydrodynamic) and collisionless (kinetic) regimes has to abandoned. The escape process should be considered as occurring from a range of altitudes above and below the exobase. These concepts were discussed by Shizgal and LindenfeM [1979] and emphasized in the review by Fahr and Shizgal [1983] . where Q(r, v) is the velocity dependent production rate of energetic particles at radial position r. The other quantity, p(r, v), is the probability that a particle with speed v at position r will escape and has a weak dependence on the speed. The explicit form ofp(r, v) is given by LindenfeM and Shizgal [1979] . This quantity takes into account the effect of the overlying atmosphere above r and whether the particle will suffer a further collision mitigating escape. The probability for escape, p(r, v), increases to unity with altitude, whereas the production of energetic particles through collisions, Q(r, v), decreases with altitude. The production of fast particles for escape is enhanced by collisions, while the probability of escape is hindered by them. This involves the product p(r, v)Q(r, v), and there is a maximum in the contribution to the total escape flux as shown by the dashed curve in Figure 6 . The rate of production of fast moving particles depends on the rate of binary encounters between the two colliding species and is given by 
remain uncertain [Guberman, 1988 [Guberman, , 1991 Fox, 1993a] . Since the escape energy for oxygen from Mars is 1.91 eV (see Table 1 ), only the first two channels are important. Much of the dynamical information for such processes, such as the branching ratios of these processes, is lacking, and the details of the cross section for this process are necessary. An added complication is that the collision cross sections also depend on the vibrational state of the molecular ion [Yung et Clarke and Shizgal [1994] with respect to the relaxation properties of hot protons in a thermal bath of atomic hydrogen. Gurwell and Yung [1993] considered the production of hot oxygen from dissociative recombination (24) and the subsequent energy transfer reactions (25) 
where the system is assumed to be spatially homogeneous and the effects of gravity are neglected. The collision operator is similar in form to (32), but there is also a loss of atoms from a given velocity interval as well as a gain. The collision operator can be written in the form [Chapman and Cowling, 1964] 4f]--ff[f(v)f,aX(V2)
where it is assumed that the background moderator species is in large excess and at equilibrium so that it is described by a Maxwellian f The main topic of interest in the present paper is the way in which this interaction leads to the loss of atmospheric constituents. This can be significant, since the hydrogen and oxygen coronae of the planets, discussed in section 3, extend to large radial distances and the solar wind plasma extends to fairly low altitudes. In either case the extended hot coronae of these planets extend well beyond the ionopause, and a strong solar wind-ionosphere interaction is to be expected. There can be a significant atmospheric loss as a consequence of this interaction.
The main mechanism for loss of atmospheric constituents appears to be the ionization of the neutral atmosphere by photoionization, by impact with solar wind electrons, or by charge exchange with solar wind ions such as reaction (22). The product ion can then be captured in the solar interplanetary magnetic field and swept away from the planet and/or accelerated in the v x B drift. The accelerated ion can also reenter the atmosphere and transfer its energy to a neutral atom in a subsequent collision. This process has been referred to as sputtering [Johnson, 1994] , in analogy to a similar laboratory process when a plasma is in contact with a metal surface. As pointed out by Johnson [1994] , the correct treatment of this nonequilibrium process requires the solution of the Boltzmann equation. The details of the energy transfer processes require the appropriate set of collision cross sections.
The process by which atmospheric ions become an integral part of the solar wind plasma is referred to as mass loading [Breus, 1986; Breus et al., 1989; Dubinin et al., 1994] in the sense that additional mass has been added to the solar wind. In more quantitative terms it implies that the continuity equation for the hydrodynamic description of the solar wind (equation (11) Venus was reviewed by Luhmann [1986] , and a discussion of the mass-loading effect was presented by Breus [1986] . Comparisons between available satellite data and theoretical models were provided. There is some discussion by Breus [1986] as to the applicability of magnetohydrodynamic ( In this section we review recent discussions of possible scenarios of evolution for the atmospheres and surfaces of Mars and Venus and, in particular, the question of whether water existed in abundance on either planet. We present this subject not as active practitioners in this extremely difficult and controversial area but rather as interested bystanders with research interests that overlap work in the field.
As discussed in the introduction and in section 3, the The loss of water from an atmosphere is strongly tied to the breakdown and escape of hydrogenous constituents. The photodissociation of water vapor in the middle or upper atmosphere followed by the escape of hydrogen, if accompanied by the appropriate loss of oxygen, is the suggested principal mechanism for the loss of water. The excess oxygen could be lost from the atmosphere or removed through reactions with gases in the atmosphere or compounds at the planet's surface [ Kasting and Pollack, 1983 ]. The interpretation of measured D/H ratios is based on the assumption that the amount of deuterium in a planetary atmosphere has remained roughly constant from early atmospheric formation. However, current models of atmospheric escape indicate that there is some escape of deuterium, and so the present concentration may not be indicative of the value during formation of the initial atmosphere [Hunten, 1993] . A constant deuterium concentration would result in higher D/H ratios than are currently observed and would increase the implied early volume of water on Venus or Mars.
Since the D/H ratio is sensitive to initial deuterium concentrations, processes which may enhance the escape of both deuterium and hydrogen must be closely examined, as discussed in section 3. Hunten [1990] Kasting and Pollack [1983] Kass and Yung, 1995; Fox, 1993a] . On Venus, exospheric oxygen is largely gravitationally bound and thus contributes to nonthermal escape mainly through momentum transfer reactions such as (25) and (26). Loss of oxygen from Mars also occurs through the solar wind interaction with the planet's ionosphere. The thicker atmosphere of Venus and the correspondingly larger standoff distance of the bow shock make direct removal of oxygen less important. As can be seen from Table 1 , even for an early Earth and Venus, at nearly their present masses the relatively high escape velocities may have made this process inefficient. Mars, however, would have remained vulnerable to this process for a much longer period [Hunten, 1993] .
For an early Venus with a much higher water vapor content in the upper atmosphere, photodissociation by EUV radiation would have created atomic hydrogen in much greater amounts than at present. For this dense corona of hydrogen, escape may have been hydrodynamic rather than kinetic in nature [Watson et al., 1981] . The hydrodynamic escape of hydrogen could have dragged more massive constituents, such as xenon, argon, and others, with it. This would mean, for example, that the deuterium enrichment on Venus would reflect only enhanced hydrogen loss after hydrodynamic escape fluxes fell below the level required to remove deuterium [ Kasting and Pollack, 1983] . The hydrodynamic formulation of the escape problem was described in section 2.2. This hydrodynamic drag-induced escape has important consequences for isotopic fractionations observed in the noble gases on Venus, Earth, and Mars.
The various theories to explain both Martian and Venusian atmospheric evolution are strongly influenced by the efficiency at which water loss processes have operated over the evolution of their respective atmospheres. Many of the current limits on the history and abundance of Martian water are implied from D/H measurements from Earth and of SNC meteorites [Owen et al., 1988; Pepin, 1991 Pepin, , 1994 and also from analysis of images of surface morphology from past missions to the planet, most notably the Viking missions [Pollack et al., 1987] . For Venus the strikingly large D/H ratio recorded by the Pioneer Venus Orbiter (and confirmed by Earth-based observations) is the primary constraint on the modeling of past water abundances. Images and data from upcoming Mars missions will help to resolve many of the current uncertainties in geologic interpretation and atmospheric modeling which make it difficult to comment with certainty on the origins of the observed features of Mars [Kerr, 1993] . The improved constraints on some of the model parameters may also aid the interpretation of atmospheric evolution on Venus.
The noble gases are important indicators of atmospheric evolutionary history. With the exception of helium, the noble gases are too heavy to have escaped thermally from the terrestrial atmospheres over a timescale comparable with the age of the solar system. They are also chemically inert and do not react with atmospheric or crustal constituents and are thus expected to have remained in the planetary atmospheres following accretion [Hunten, 1993] . It is thought that fractionation of the noble gases must thus be the result of draginduced escape during massive hydrodynamic hydrogen outflow during early planetary history [Kasting and Pollack, 1983; Zahnle et al., 1990] .
The rapid hydrodynamic escape of molecular hydrogen from a dense primordial atmosphere could have resulted in a mass dependent fractionation. Such a process could explain the mass dependent depletion of the noble gases observed in the Martian atmosphere. Enhanced solar UV fluxes from a young Sun would have provided the energetics for this expansion. The methodology developed by Kasting and Pollack [1983] , Zahnle and Kasting [1986] , and Zahnle et al. [1990] is based on the solution of the hydrodynamic equations analogous to those used for the solar wind expansion. A more analytic approach was developed by Hunten et al. [1987] and reviewed by Hunten [1990] . The fractionation occurs because of the competition between the downward force on an atom (or molecule) and the upward drag force which depends on the diffusion parameter b (see section 2.3) which is independent of mass. Hunten et al. [1987] showed that at some crossover mass m c the two forces are equal. Their final result is that the inventory of Pepin [1991 Pepin [ , 1994 ]. An alternative method for causing fractionation of the noble gases based on escape from planetesimals has been presented by Donahue [1986] but does not give the same level of agreement with observed planetary noble gas isotope ratios as hydrodynamic blowoff models [Pepin, 1991; Hunten, 1993] .
At present, there are still many uncertain parameters in the hydrodynamic models used to predict isotopic fractionation of the noble gases for Venus, Earth, and Mars. These include the strength and time dependence of the solar EUV output of the young Sun, the history and speed of planetary accretion, the acquisition of initial noble gas reservoirs, the strength and timing of volatile outgassing, the geochemical behavior of xenon in planetary interiors, and the temperature profiles of the atmospheric constituents. As pointed out by Pepin The editor handling this paper was T. E. Cravens, who thanks a technical reviewer, J. Fox, and the cross-disciplinary reviewer, D. Entekhabi.
